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DYNAMIC RESPONSE OF LIFT FANS
SUBJECT TO VARYING BACKPRESSURE

John M. Durkin, Aerospace Engineer
Aviation and Surface Effects Department
David W. Taylor Naval Ship Research and Development Center
Bethesda, Maryland 20084
and

Lawrence H. Luehr, Engineering Specialist

Aerojet Liquid Rocket Co.
Sacramento, Califormia 95813

Abstract

An analy tical mvestigation of the dy namic performance of a
centitfugal Bt fan was conducted to provide an explanation for
the behavior which occurred when the tan was subjected to a
varving backpressure  Analvas of test data shows that the fan
response 3Q OP can be represented by a fistorder lag system
A inedepth analvsis of the vanous clements of the hift tan
svatem revealed that the mertia of the wir within the tan was the
primary contrnibutor to the observed tan behavior The analysis
turther showed that vanations in tan speed would not produce
the behavior measured in the test and that the response due to
the comphiant properties of an within the tan occurs at a
frequency that s much ligher than the frequency range ot the
test - A tme-domam digital computer program has been
developed which integrates the rate of change of tan flow with a
varving backpressure Good correlation s exhibited between

test data and the computer predictions at all frequencies

Nomenclature

A\ Area of flow channel, 1t?

\, Area of 1N section of plenum wall, 1t
( Comphance of air m fan, 105 1b
Cp Discharge coethicient

ks Invense of fan charactenstic stope, 1th s/1b (17
{ Frequency, Hz

| Inertia of rotating system, (bt i
) (=1t

1 Inertance of e fan, (b 1
m Mass of air m the fan, Ibms? 1t

N Shatt rotational speed, rpm
P Pressure, Ib tt°
Q Fan flow rate, ft' s
Q, Uncontrolled plenum flow due to leakage, 18 s
Qp Controlled flow from plenum, ft's
S Mistance along flow path, 1t

| Torque, Ibttt

t Time, s
Ve Plenum volume, 1t}
\ Veloaty, tts

i Deflection of *™" section of plenum wall, 1t
0 Mass density, Ibmes® 1!
w Rotational veloaity, rad s
Subseripts

ATM Ambient conditions
5 Comner
I Fan s

Copywe ght &ﬂ American Institute of Aeronautics and
Astronaution, Ine.. 1978 All rights reserved
Regroduced with per mmsion

| Inlet

1 L cakage
M Motor

P Plenum
S Stati

| lotal

Introduction

In Surface Ftrect Shaps (SES) and Air Cushion Vehicles
(ACY), the Tt tan charactenstic pressure versus low rate cunve
18 known to have a sigmificant effect on the vertical motions of
the platform Exposure of the crew to advense motions results
n degraded human performance and reduced overall svstem
effectiveness ' Analysis techmques to predict the motions of SES
and ACVs span the spectrum from simple, hinear, single degree
of-treedom models to claborate. time-domam, multi-degree-ot
trecdom maodels. o all cases, the pomarny vertical foree anses
from the cushion pressure acting on the wet deck The cushion
pressure s denved i these analyvtical models by integrating the
tme rate of change of the mass of air in the cushion plenum
which i turn s deternuned using the consernvation of mass
equation. The rate at which an s delivered tfrom the fans to the
plenum s usually determined using the steady state tan charac
I'his assumes that the fan behavior

tenstic in the torm Q = t(p)

18 the same under steady state and dynanne conditions

In order to mvestigate the behavior of L tans i unsteady
flew condiions, a test ng was constructed at the David W Tay lor
Naval Ship Rescarch and Development Center (DUNSRDCO)Y This
It fan evaluation ng features an 820 118 plenum and an exhaust
duct contaming a flow control valve (g, D

SUBSONIC
WIND TUNNEL
W TEST SECTION

Fig. | = Artist’s Sketeh of the Fan Evaluation Rig




The fan delnvens pressutized wr it the plenum  Approprate
mstrumentation i located at the tan mlet and discharge to
measure the fow rate and pressure mse across the tan An
evaluation was conducted using 4 24 diameter madel of the
SES TOOB cashion tan, reprosentative of hagh-etticiency back
wand swept arctonh (HEBADY contntugal tans Data from thas
evaluation showed that under dynamie conditions, the low rate
change lagged the pressure change in such @ mannoer that the
pressure venus flow rate characterstie no longer tollowed the
steady state curve but imstead, when plotted on the standand
prossure venus flow rate plot. exhabated loops : big 2 presents
examples of the pressure venus tlow rate loops that were
obtamed dunng the evaluation of the SES TOOR scale model
custion fan. These 10ops are supertmposed on the steady state
fan chatactonstin
They also

lustrate the steepentng ot the eftective slope of the tan chatag

with the frequency of the back pressure change

temstic Gdetermined by the onentatton of the maor axn of the
“ellipae ™ tormed by the loop) as the frequency soncreased . A
B svatem designer could nghttully ask what fan charactensti
should be selected tor typrcal dyvnamie condiions

0

STEADY STATE RESULY

0es

HEAD COEFFICIENT .
=
2
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Qe o

FLOW COEFFICIENT ¢

1
0 008 032

Fig 2~ SES-TOOB Scale Model Litt Fan
Dynamie Test Results

This paper presents the results of analyses conducted on the
data obtamed i the evaluation of the scale model centntugal
It fan, and a method tor predicting fan behavior i a dy namae
environment. . A computer sumulation based on the method
ventied using expenmental data from the tests of the SESCLOOR,
model fan, as well as a 1 dscale model of the 2KSES htt tan
The analy tical model of fan dynamie performance should be
valuable i simulations of vertical motion of an SES or ACV i
A seaway.

Analysis of Fan Dynamic Data

Time histonies of total and static pressure rise and aie flow
at frequencies of 08 Hz and o Hz are shown m Fig 3 These
data are lustrative of data obtamed during the test of the Man
diameter SES TOOR model custuon fan. Data were collected at
fan speeds of 2560 and 3100 rpm. Where the wave forms were

- e s &

The data show the vanation ot the loop shape

PRESSURE (iw?

FLOW 0ty

TIME (secomt)

Fig - Test Data 2S00 tpi, 0 S He
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TIME (sevounhy)

Fig Wb - Test Data, 2S00 tpm. o He

Fg 3 - Total and State Prese
and Flow Rate Tune Histony

sufficienthy smusordal, freguency response mtormatoen m e
of the amplitude rato and phase angle between tan ftow and
total pressure tise were evaluated. Examnation of the trequenay
response mtormatnon indwates that the amphtude rato decreased
and the phase angle increased as the exatation frpquency was

mnreased

The response tor a trequency of O 8 and 1O He extutated
very large vanations i flow and pressure, idicating extremely
nonlinear opermtion. The operating pomt vaned from nearhy
untesticted low o a backflow condition At the gh flow
portions of cach ovele the transient resulting trom the
nonhineanty decaved and incar operation was approached A
value of the phase sttt was estimated i thas operating regron
tor bath the O 8 amd 1O Me data A frequencies of 2 He and
above, the wave forms were suttivienthy sinusondal o extract
rehable trequency response data

The amplitude ratios and phase angles ot 3Q SAP, | deter
muned from the time tastory data, are shown plotied as a




tunction of excitation trequency for tan speeds of 2500 and
3200 prmoan Fig 40 At cach speed the data are compared to
the trequency response charactenstios of a simple finst-order lag
having the torm

5Q ! 2
SAP, L4t L
1 <

The excellent correlation shown on the hgure indicates that a
fintorder tunction adequately descnibes the dynamic character
istics of the fan within the test frequency range  The comer
frequency (o oappeans o be shightly lower at the higher fan spead
The value of By i Equation (1) s the inverse slope of the fan

pressure-tflow charactenstic at the mean operating point
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ale Model

Fig 4 = Bode Plot of SES-100B S
Fan Response

Dynamic Analysis

An analysis was performed to dentity the panaipal
dynamic elements of the SES-TOOB cushion tan model svstem
Included in this were the tollowing tasks

1. Develop an analy tical model which includes the
prncipal dynamic elements of the fan test system

2 Predict the behavior which cach of the principal
elements would produce under dynamic conditions

3 Examime and compare the predicted behavior with that
observed durning the test program.

4 Fliminate those elements which do not produce the
obscrved behavior

S Examine in greater detail the elements which result in
svatem behavior similar to that observed dunng the test program
quantfy parametens, and develop prediction methods

A schematic diagram of the tan test system is shown in
Fig S The dynamic elements which are shown on the diagram
are (1Y the rotational mertia and tonque-speed properties of the
drve motor and tan, (2) the flusd dynamic properties ot the an
within the tan, and (3) the comphiance and flow charactenstics
of the plenum  These clements were examined as possible causes

of the obsenved tan behavior

" .
4»7‘
By -com

INDUCTION MOTOR raN PLENUM
N MOTOR SPEED ~ FANSPEED P, PLENUM PRESSURE
T © MOTORTOROUE Y, - FAN TOROUE Oy, = FLOW FROM FAN
e © MOTORINERTIA iy FAN INENTIA © AN MASS
P, - FANPRESSUNE 2, 0 WALLDEFLECTION
Q, * ROTOR FLOW G, ¢ UNCONTROLLED
Q,, = DISCHARGE FLOW LEARAGE FLOw
< © AIR COMPLIANCE Q= CONTROLLED
L, 0 AIRINERTANCE LEARAGE FLOW

Fig S~ Scale Model Fan Svatem Schematie

The equations which descnibe the svstem are histed below
As histed. they are in a somewhat simphitied torm which may be
expandcd m more detal, ot required. as the particular elements
are examined

System Equations
(See Fig S tor System Schematio)

Motor - Fan Rotational System

I Motor Torque

Ty = f(N) (&)
Motor-Fan Speed
Ty -1 =iyt oy (3
i Fan Torque
l‘ 1N, Q' ) H
Alternate Solution
I, = (N, ap) N
Fan

1 Fan Discharge Pressure
AP = 1N Q) o)
P, P, + AP = AP (7

Alternate Solution (with Fan comphance mcluded)

Q= N, AP ()
Ap P =P e® N
|'| “MI ) M

i

S




2 Fan Discharge Flow

L,Qp, =P, -P, (12
Plenum
1. Mass Accumulation
M, =pp(Qp-Qp- Q) (R}
2. Deunsity
Pp = “P \P (R
3 Pressure
Y
o
| S
P= (}]—) = b s (15
ATM
4. Volume
1
Vo = ¥y E AZ (lo)
121
where
Vio = undeformed volume
A = effective area of wall section |
Z, = wall deflection of wall section
PpA; = MZ + B Z +K 27 (N
S Leakage Flows
s p /2
o e %
Qp = Copp | 5 (18)
P
5 12
(‘)I =C l’\ :& (19
LN
Pp

The tour pnmary differential equations which describe the
dynamics of the system are Equations (3), (11, (12), and (13)
Several more differential equations which describe the wall
motion of the plenum would be necessary for a complete
descniption
tics of the plenum was not really necessary o the principal
objective of the study, an understanding of the dynamic
behavior of the fan. Since plenum pressure is approximately
equal to the total pressure rise of the fan, total pressure rise
data which were obtained during 100B testing were used
directly.*  Using the pressure nise data as an input to the fan
model rather than a value obtained from a simulated plenum
results i a much simpler. more accurate. and effective way of
studving fan dynamic charactenstics

However, a knowledge of the dynamic characteris-

Effects of Fan Speed Variations

Although speed vanations were not regarded as a very likely
cause of the fan’s dynamic behavior, there were some questions
as 1o the ability of the speed sensing system used in the test to

record dynamic changes.  Therefore, an analysis was performed

to determine the etiects of speed changes

The effects of speed

varations were determined from the tollowmng hneanzed set of
equations denved trom the hist of cquations

4. Motor Torque (from Fquaton (21)
)
8Ty 3:1,2 Bwy = Ky by, (20)
M
b Fan Yorque {trom Fquation (14))
L P T ,
s e dwy by 3Q, oQ, b
- K, 8wy, +K,8Q,
¢ Motor-Fan Rotation (from Equation (3))
by 8oy = 8T, ~ 8T, (22}
d. Fan Discharge Pressure (neglecting the fan's fluid
dynamic charactensties from Equation (0))
P, = o \ —(—w 5Q 23
5 _aww'““'ﬁol‘kl e
= Ry dwy *+ R, 8Q,
Substituting Equations (20% and {21) into (2)
L8y +(K, - Ky ) 8wy +K,8Q, =0 24

The following matnx equation in Laplace notation. formed

Ny

trom EFquations (23) and (24). describes the motor fan svstem

with fan discharge pressure as the excitation input
o]

{2
oP,

Solution of Equation (23) for tan flow 8Qy i terms of
discharge pressure P vields the following transter function

K,

||\4(|\‘-|\“l (\.,‘“

R, R, || 8Q

ll
sk
M)' (K, ~l\'“'
M" R, (K, - K“ < Rll\'_, R_.l
R k_, R,

N

g (20)
s et}
u)\

R
S
“"l'

Since the discharge pressure perturbation M‘l 1 essentratly

[N

the same as the vanation in fan pressure nise, the ratio 3Q, OP,
18 the same function evaluated from the dynamic test data and
plotted as a function of frequency in Fig 4 Theretore, if
varations in fan speed were the cause of the fan's dyvnamic
behavior the transter function of Fquation (26), evaluated as a
An

examination of Equation (20) and its parameters indicates that

function of frequency, should vield a similar function

*1t should be powted out that the putpose of the plenum and discharge valve was 10 provide a vanable backpressure environment

for the fan. During testing, fan flow was observed to respond in a dyvnamic manner to the oscillatory backpressure

As the equations

indicate, the fan will respond in the same manner to a given backpressure varation regardless of how the vanation was produced

4




(cannot result i fregquenay characterstioy imidar (o thase
shown m bw 4

At nomingl operating conditiony, the fan and motor para
N, and R, 20, K. 20, and Ry and
Therefame, wy, 2 wy indivates that the rotational

maeten are such that
Ay 0
system woukl imtroduce phase lead and an morease i amphitude
Ao A a4 tunction of frequeney rather than phase lag and

attenuation as observaed dunng the dynamie testy

Efttects of the Flund Dynamic Propes ties
of the Aw within the Fan

The wr Dowimg within the fan possesses imerbal and
compliant propertics which atternately store and returm onergy
to the svatem under time varving conditions. The ettedts ot
these nd dy name properties on fan performance wae
then the

examined  Inertia properties wall be disvussed i

combination of mertia and comphancg

The eftects of ar wertia were determined trom a hneaneed

simall perturbation madel of the tan For small, very stowh

varving changes where the eftects of any dynamie charactenstios
are neghimble, the change 1 presure mise dAP w8 related o the

change i flow 3y &

AL e O Ls \
AR W, ",
‘\Q‘

e
% \

Under normal operating conditions the pressure rive AP decreases

with increasing low Qy so that the partial denvatne and the

constant Fooare negative  Pquation (27 may abso e witten

SAP = 5P, - O, I 3, (28)
where
P o= fan ket pressure
P fan dichage presure

The constant (- 1 U s anadogous 0 a resistance between inlet

and discharge

The general fTects of air mertia tnertance) on the behaviot
of the fan can be determuned by apphng Fuler’s equation 1o an

undetined Now path representation of the tan

ap RAS N
L) tp O o0
aN R M
where
P = pressure

S = distance along flow path
@ = mass density
Vo veloaity

{ hme

Assiming a constant mass fow rate met) along the fow
path, the low veloaty Vs given ™y

||'\\()

VR 'e e
S D AN

(R0
In general, the mass denstty (8, D vanes with fume m response
to changes in back pressute, and alse position due o the

wressite nve of the fan Substitution of Fquation (30 mnto
¥

(9 gives

(S, 1) 3
AN N

mit}
S, )

ar " w3 1

- g (A
AN ACS) AN 0N AN

The vatations of both density 2 and velodity Vowath e and
fovation preay et the separation of vanables and a sample

mtegration of bguation (311

However . if demsity i abso assumad constant along the tow

path, then the volume oW rate i constant with rospaat o
location and
: Y )
g mt) ot Uyt
VIS, 1) . (3N
YR AN

Substitution of bguation (370 e 130 gives

AP O 3 1) 2QU i)
' - + (A3
aN AN A8 AW AR
This aquation can be mtegrated from et to outlet o gue
a1 \ * A8
I X k\ x 5 o— (31t A

A\:) AN

The term mvolving the square of the ow dividad by the square
of the milet and discharge area s amply the difterence in

dynamic pressures. The lett side of the equation s the negative
Of the total pressute e across the fan and bguanon (34) may

be written

A 1)
AV et >
The asumption of constant dennity will generatly provide «
sufficienthy acvurate representation except tor tans with a vern
high presure nise The constant demity asumption s certamndy
adequate tor the TOOR subscale fan which has a pressure tise on
the onder of 100 I 1

assumang aditahatic compression w3 4 pervent

The corresponding increase i densiy

For a pressure tise of 300 b 17 the density change i
appronimateh 10 percent However, the ermor resulting from a
constant density assumption waill be dess than the change
denstty if the average density, rather (han mlet or ontlet densty

woased m bquationy () and (33 Therefore, a comstant average
donstty assumption s pererally satistacton for the dynamu
Another factor which ustifies the
constant denstty appronmmanon s the difficalty: of accuratehy

evaluating the integral of Fquanions (34 and (33)

analvas of most bt tam

Combination of the quasesteady state charactenstos given
by Bquation (28 wath the dynamie charactenstios of bquation
AR pesulin i the following incarzed, small perturbation
descnption ot the tan

. 1
SAR, l, M, 0 " \ = 3Q, (RN

where

ly=» [ T wertance (-85 et an

This equation descrbes @ senes vt conusiing of eastne
and mertance elements Laplace transtormimg and solving o tan

Now 1 terms of total pressure tise viehis




SO

\‘I 2 ! 2 -
;- e Pl — | — (3N
d - +
ap, g = )

W
where
|
w i l cornet frequency (rad s)

The first order dynamic charactenstic of Equation (38)
which results from inertance s of the form indicated by the fan
test data as plotted in Fig 4. In Founer torm Fquation (38)

becomes

— s (39)

where

Ohasht ' performed an analy tical and expenimental study ot
the dynamic charactenstics of turbopumps  An analy tical model
tor the frequency response of a fan, denved from Ohashi's
madel, was utihized by Goldschmied and Wormley * In the
Ohashi paper. a model tor osallating flow through a cascade 1s
developed. This 15 used to define the dynamic charactenstics of
a turbopump. which included the followng three etfects

L Osaillating low through a vanable area condunt,

2 Osadlating flow through the rotor cascade, and

3 Osallating low through the stator cascade
The first of these v simslar to the imertia effect wdentified as the
primary contnibutor to the fan’s dynamic properties as seen in
the DTNSRDUC test of the SES-T00B model cushion fan. The
latter two effects are mathematically expressed using the gamma
function and the Gauss hypergeometiie tunction. Qhashi goes
on to present a simphficd model of a turbopump which considens
only the rotor and stator effects. Finally, he states that the ume
constant of a turbopump can be approxmmated by a fist-order
lag, which s the same type of function that was denved by
analysis of the DINSRDC test data

Ohashi’s paper concludes with a description of an expen
ment to measure the dynamic charactenstics of a centntugal
pump. The companson between his simphified theory and the
expenmental data showed that the expenmental amphtude ratio
decreased at a faster rate, and with a larger phase shift than the
theory predicted. In fact, it appears that a more satisfactory fit
between the expenmmental data and theory could be made with a
fint-order lag

A companson of the terms of Equation (39) with the
numencal values determined from the curve it of the test data
given in Fig 4 requires that

-F, =218 40
and

1 |
=FOf, (2.8 (2P

. = 00237 0
Now, F, was defined as 3Q, AP which in turn was evaluated
from the 2560 rpm fan charactenstic to be approximately

o o Y o
28 SAR I The inertance at 3200 rpm appears to be
somewhat larger. A corner frequency £, of 2.2 He, as indicated

in Fig 4, and statie tan clope of =23 1t s/1b (17 correspond 1o

an nertance value 0.0315 (bs? (1% Atthough the reason

tor this apparent increase s not fully undenstood, 1t s beheved
to result from the higher flow and pressure at the higher speed
I'he volute s more uniformly Glled with air which results i an
ncrease i effective flow radius and path length. The mcreased
density 1s abso a contnibutor

An evaluation of the fan wmertance Ly from Equation (37)
s, general, very ditticutt. The flow path s recogmized as very
complex and the flow itselt probably not umtorm and umidired
tonal at a given cross section. Therefore, a reasonable estimate
of mnertance s the best that can be obtained

I the low cross section A(S) was umform then bquation
(37) becomes the inertance for & umtorm hne U units in length

N

l) ~.’.;“(._\~‘”»‘| 40

A sketch of the tan volute 1s shown in Fig. 6 Considenng the
volute only, with an approximate fength and average cross section
of 9.5 ftand 1.5 17, respectively an inertance of

W 0024V %) ’ A {

———l = 0,0152 Ib =5/t (43)
! 1.5
is obtaned.  In this representation the fact that all of the flow
does not pass through the tull length of the volute tor which the
inertance was caleulated 1s oftset by not conudering the inertance
of the aur within the rotor and inlet

SECTION A A
——

AREA « 2541

L L0

ROTOR | INLETY

AREA = 0.6 1

/.

REA < 14 n?
J/ AREA n

>

AREA < 101

R«1103+000274 1

Fig 6 — SES-100B Scale Model Fan Geometry

Another method of estimating the tan mertance s o
determune the flow length based on the total volume of the fan
and an average flow arca. The total volume 1s on the order of
20 £t Using an average flow area of 1.5 f1° the mertance 1s

)
L ‘_\'L -0 0\_____),‘4\} . 0.0213 Ib-s* 1 (44
A* (L5
A compartson of the two caleulated inertance values with
the value indicated by test data shows them to be of the same
genenral magnitude On the basis of this relatively close agreement
between the geometneally caleulated values and those determined
from test data, 1t may be concluded that ae mettia s a significant
dynamic element and s the principal cause of the observed
dy namie behavior

I'he accurate determimation of the imertance of a fan which
has not been dvnamically tested is difficult as proviously indica-
ted. However, tor prehmimany svstem analvsis the methods

-
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suggested will give an adequate representation.  More accurate
values can then be obtained through dynamic testing as
illustrated here.

Air Compliance

T'he effects of the compliance of the air within the fan can
be evaluated through linearization and solution of fan Equations
(8) through (12). Since the length of the flow path through the
fan (<15 ft) is considerably shorter than a quarter wave length
(47.5 ft), at a frequency of 6 Hz (the highest test frequency) a
single lumped compliance representation is adequate. The
linearized fan characteristic developed previouslv is:

8Qy, =¢—l-‘2anI-bl”|) (45)

This relation determines the flow into the fan. The discharge
flow from the fan is determined by the inertance of the volute
as:

5Q,, = (5P] - 8P, )/L, (46)

The rate of change of mass within the fan, which is proportional
to the difference between the inlet and discharge flow, is then
given by

oM, =D, (6Q,, - 6Q,,) 47)
where gy is the nominal density within the fan.

Air density pp- within the fan is related to the accumulated
mass of air My by:

Pp = M/V (48)
and similarly for small changes:
dp, = M IV, (49)

where the volume of the fan V. small changes in fan pressure
6[", . and density §p., are related by:

6P’| +P’|v e ip| +D,. 0l

P, 3 (50)
and in hinearized form by
. 98Py TP,
Bl’l =5;;6pl =‘_)—l6;)| (50

Taking the derivatives of Equations (49) and (51) and combining
with Equation (47) the compliant properties of the fan are
described as:

. _""Qll -6Q;,)

6P <
where:
Vi S
C= ﬂ-,—' (3 /1)

Equations (45), (46), and (52) then describe the compliant
and inertial characteristics of the fan to small perturbations.
These three equations describe a system which is analogous to
the simple electrical circuit shown in Fig. 7. Solution of the
lincarized equations yields the following transfer functions which
give the flow rates Qp and Qg5 as & function of fan discharge
pressure.

Q
— e V(-Fy) e —f .
f o AWV AANS — P
c
Fig. 7 — Electrical Analog of Lift Fan System
including Air Compliance
6Qy, F
T 5 e T T (53)
I L:.Cs™ +(=F;)L.s+1

e
O (4-‘2”')

A — (54)
e L O ) v+ ]

For the SES-100B scale model fan, the volume Vi is 20 ft3,
and C = 0.00644 ft*/Ib. Using values of F, and L. previously
determined, the functions of Equations (S3) and (54) become:

6Q|‘| 5 -28 (55)
By
1561 a2
o ) ;
8Qy, & (438+ ')

: — (56)
5P s s
F e i e

15.61 421
The compliance produces the high frequency form at 421 rad’s
in Equations (55) ana (56). This frequency is much higher than
the lower frequency term which is attributed to inertance and,
therefore, is of negligible significance with regard to the fan’s
dynamic characteristics within the test frequency range.

Digital Computer Solution of Fan Performance

A time domain simulation was developed and programmed
for solution on a digital computer.  The iputs to the program
include the steady state pressure-flow characteristic of the tan,
the fan inertance geometry, and the discharge pressure time
history.  The simulation utilized a fourth-order Runge-Kutta
integrator to integrate

. A
=< P - P 57
Q, p\,tl, P (57)
where
|’; = I'(()| Ydetermimed trom the tan charactenstic)
I‘p = PcO anput from the time history test data)
P\ 102
PAIM i PI
p = _l'—_ Parm (the calculated density ot the
ATM

airn the tan)

Inertance values based on the findings ot the frequency
response evaluation of the fan and the dynamic analysis were
used in the simulation. Because the density s treated as a
variable within the nonlincar simulation, the length to cross
ection ratio as input to the simulation rather than the mertance




value as indicated in Equations (37) and (42). A rato (LA) of

9.75 and 14.5 117" based on inertance values of 0.0237 and

0.0373 Ib-s*/tt* were simulated for the fan speeds of 2560 and

3200 rpm, respectively

Comparisons of simulated response and test data at a tan

speed of 2560 rpm are shown in Figs. 8 through 13, At

trequencies of 2 Hz and above, correlation between the simulated

and recorded flow response s excellent. Both the amplitude of

the flow perturbations and the phase angle between flow and
pressure rise are in close agreement. At these frequencies the

perturbations are relatively small and operation remains on that

portion of the fan characteristics where the slope is nearly

constant.  The svstem behavior is normal and hence the simula-

tion completely deseribes the relationship between the pressure

and flow perturbations
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AL the lowest test frequencies (0.5 and 1.0 Hz shown on
Figs. 8 and 9, respectively) the rotation of the discharge butterfly

valve produces very large pressure and flow perturbations
these conditions the fan is operating within the stall region

Under
1, and

at cutof! during the 0.5 Hz perturbations, tor a portion of the
cyele. During the stall portion of the cycle it appears that the

simulation 1s unable to determine the correct pressure-flow

relationship.  Although the flow predictions during the high flow
portion of the cycle, the phase relationships, and general shape

of the flow history appear correct, the deep troughs within the
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Fig. 10 ~ Correlation of Simulation Response
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flow trace are not achieved

as the simulation exvitation

Lhe apparent inadequacy may rest
moerther the simulation or the pressure mse data which were used
During the tests of the SES TOOR
scale tan, it was noted that the rotation of the plenum butterfly
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valve was not steady at the low speeds cottesponding to flow

perturbation trequencies of 05 and 10 Hz, because at these

speeds the dve system developed isutticient torque to counter

act the acrodvinamic moments which were acting on the

valve

Under these condittons, rapid pressure Hluctuations occurred

withan the plenum and at the tan discharge, as shown i big 8

where o double-peaked pressure transient was measured at low

lows

1 was postulated that the pressure transient that occarred

under these conditions was actually more severe than was

measured
m g
data

1t s also possible that tan inertance

fan tlow rate

ditterence m vatues observed at 2360 gnd 3200 rpm
values calculated trom dy nanie test data obtamed at the two tan

With such an exagperated prossure history, as indicated

L, the stmulated tlow correlates very closely with test

Vares as o tunchion ol

Such a vanation s suggested by the apparent

lucrtance

speeds ate shown plotted as a tunction of tlow rate g

Values determined from estumates ot the tan's geometry are also

shown tor companson

1S

Extrapolation ot the data obtained at the

two tan speeds would indicate that very low values ot inertance

may exnt at low tlow rates

It the effective mertance vares directly as a tuncthion of

tlow, then the extremely tapid flow changes which occur e the

stall regron would be possible with a less pronounced pressure

Muctuation than imdicated i b 14
mertance was not sumulated, 1t s possible that such a vananon s

partially responsible, i addition o the previousty discussed error

Although a varable

i pressure se data, tor the discrepancy i low trequency

stmubated respotise
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Fig. 15 — Fan Inertance Variation with Air Flow Rate

since values in the stall region would have been difficult to
estimate without further dynamic testing within that region.
Also, the value of such a simulation with regard to other fans
would be minimal because the variation, which is a function of
stall and flow separation characteristics, would undoubtedly be
different for every far, if it does exist.

The correlation between simulated response and test data
indicates that the single lumped inertance representation is
adequate for lift fan dynamic studies. An inertance value
estimated from fan geometry is adequate for preliminary studies.
More accurate values, possibly as a function of operating condi-
tions, could be obtained from dynamic test results.

An evaluation similar to that conducted using the SES-100B
scale cushion fan was subsequently conducted at DTNSRDC on a
24-in. diameter centrifugal fan that featured a servo-controlled
variable geometry (VG) device to control the fan inlet flow and,
ultimately, the plenum pressure. The fan was a double-inlet,
single discharge configuration and was a 1/4-scale model of an

carly design of the lift fan for the 2KSES. Again the performance

of the fan as measured during the test was compared with
predictions generated using a digital computer simulation of the
fan. In this case, the computer simulation was expanded so that
the plenum pressure was calculated by integrating the air mass

PLENUM PRESSURE

OPEN LOOP; f = 0.5 Hz

TEST PLENUM PRESSURE (1b/f?)

b SIMULATION RESULTS q
=== TEST DATA
Vi /
S == = — 1
0 05 1.0 15 2.0 25
TIME (seconds)

Fig. 16 = Correlation of Test Data and Simulation Response
for a Fixed Geometry Fan Model - Frequency = 0.5 Hz

accumulation in the plenum, rather than using measured test
data. A value for the fan inertance was determined for the fan
volute geometry as before, and in addition, inclusion of the
inertance of the plenum discharge valve was found to be necessary
to achieve proper phase correlation between the valve arca
oscillation and the resultant change in the plenum pressure.
Results of the comparison of plenum pressure test data and
computer predictions are shown in Figs. 16 through 19.
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Fig. 17 — Correlation of Test Data and Simulation Response
for a Fixed Geometry Fan Model - Frequency = 4 Hz
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Fig. 18 — Correlation of Test Data and Simulation Response
for a Fixed Geometry Fan Model - Frequency = 0.5 Hz
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The comparison is shown at flow oscillation frequencies of 0.5
Hz and 4 Hz, for both the open loop (fixed geometry fan) and
closed loop modes of fan operation. The comparison illustrates
excellent correlation of the phase response during open loop
operation. The simulation slightly overpredicted the peak
pressure at low frequencies; at higher frequencies, the correlation
of amplitude is excellent. When the fan was operated in the
closed loop mode with variable geometry, the same comments
apply to the comparison. In these cases, the simulation included
the additional state variables necessary to describe the motion of
the VG sleeve devices.

Conclusions

The conclusions drawn from the above are summarized as
follows:

1. Under dynamic air flow conditions, the lift fan response
5Q/8P can be represented by the transfer function of a first-
order system with lag. At extremely low frequencies on the
Bode plot, the amplitude ratio is flat and has a value correspond-
ing to the negative inverse of the steady state fan slope dP/dQ.
The phase angle in this case is 180 degrees. As the frequency is
increased, the amplitude ratio decreases and the phase angle
approaches 90 degrees. The corner frequency estimated from
the test data was somewhat lower at the higher fan speed of the
test data.

2. The dominant dynamic property responsible for the
observed behavior of the fan is the fluid inertia, or inertance, of
the air within the fan. A precise evaluation of the inertance of
a fan from purely geometric considerations is difficult and
analysis of test data is required for an accurate determination of
the inertance properties. For most dynamic studies, however,
sufficiently accurate analyses can be computed from fan
geometry. The compliant properties, or capacitance, of the air
within the test fan were found to be of negligible significance
with regard to the observed behavior of the fan under dynamic
flow conditions. This is also believed to be true for other lift
fans. In general, these effects are of sufficient magnitude that
they should be considered in air cushion lift system dynamic
analyses.

3. A digital computer program has been developed to
predict the performance of lift fans operating in an unsteady
flow environment. Computer predictions of the fan flow rate
have been correlated with measured test data for the SES-100
scale cushion fan and a 1/4-scale model of a 2KSES lift fan.
Excellent agreement between the predicted and measured data
is evident in the range of frequencies investigated.
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